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The thermodynamic properties of two-component Fermi gases with divergent scattering length is 
investigated and the transition temperature for the emergence of a stable dimeric gas is obtained 
by a simple theoretical model where the unique property of the dimers {i.e. fermionic atom pairs) 
with divergent scattering length is considered. Below the transition temperature, through the in- 
vestigation of the overall entropy for the mixture gas of fermionic atoms and dimers, we calculate 
the relation between the energy and temperature of the system. In the limit of zero temperature, 
based on the chemical equilibrium condition, the fraction of the dimers is investigated and the role 
of the dimers in the collective excitations of the system is also discussed. It is found that our theo- 
retical results agree with the condensate fraction, collective excitations, transition temperature and 
heat capacity investigated by the recent experiments about the strongly interacting two-component 
Fermi gases. 
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I. INTRODUCTION 

It is a quite challenging theoretical problem to explain 
the basic properties of the strongly interacting many- 
body system because there is no exact solution for this 
nonlinear many-body system and the ordinary pertur- 
bation method can not give us a reliable quantitative 
theoretical predication. The strongly interacting Fermi 
gases is a very important theoretical problem because the 
atomic nucleus, quark-gluon plasma and high tempera- 
ture superconductivity etc relate closely to the strongly 
interacting Fermi gases. Due to the strong interaction, a 
phenomenological theory would contribute largely to our 
understanding of this complex system. For example, for 
the atomic nucleus which is a complex many-body system 
bound by the strong interaction, there is a successful phe- 
nomenological theory by introducing an effective force. 
Obviously, clear experimental investigations can give us 
important clues to find a reasonable phenomenological 
model and even a theory to reveal the microscopic mech- 
anism accounting for the basic phenomena of the strongly 
interacting many-body system. In the last few years, the 
experimental advances on the ultracold strongly interact- 
ing two-component Fermi gases such as pj provide us an 
important opportunity to develop a theory of the strongly 
interacting system. 

There is a broad interest in the ultracold two- 
component Fermi gases because the two-component 
Fermi gases can be cooled to a temperature far below 
the Fermi temperature so that there is an obvious quan- 
tum statistical effect. Another special interest in this 



system lies in that through a magnetic-field Feshbach res- 
onance, one can change in a controllable way the value 
and even sign of the scattering length a between atoms. 
For two-component Fermi gases, when the magnetic field 
is tuned so that the energy of a quasibound molecu- 
lar state in a closed channel matches the total energy 
in an open channel, there is a magnetic-field Feshbach 
resonance. Below the Feshbach resonant magnetic field 
(BEC side), the interaction between atoms is repulsive 
and there exists molecule which is a short-range fermionic 
atom pairs. Below the critical temperature, there is a 
molecular Bose-Einstein condensation (BEC) which has 
been observed in the recent experiments H H H ■ Above 
the Feshbach resonant magnetic field (BCS side), the in- 
teraction between atoms is attractive and there would be 
a Bardeen-Cooper-Schrieffer (BCS) superfiuid behavior 
due to the atomic Cooper pairs at sufficient low temper- 
ature. Recently, by tuning the uniform magnetic field 
near the resonant magnetic field, there are a lot of in- 
teresting experimental works on the BCS-BEC crossover 
H H 011 ll 13 IH HI such as the measurement of the 
cloud size _p , condensate fraction H , collective exci- 
tation H pairing gap [T^j > an d nea t capac ity 113 etc. 
Besides the pioneering theoretical works [la . ITU Hq , in 
the last few years, there are intensive theoretical inves- 
tigations on the BCS-BEC crossover m| 071 HS, njj, 120, 
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such as resonance superfiuid [ljl and universal be- 
havior for the gases with divergent scattering length 



In the BCS-BEC crossover regime, the scattering 
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length becomes divergent on magnetic-field Feshbach res- 
onance, thus the system on resonance gives us an ideal 
system to investigate directly the strongly interacting 
many-body system. In the limit of this strong interac- 
tion, the scattering length becomes divergent and thus 
it should not appear in the final expression of a physical 
quantity. For the ultracold gases with divergent scat- 
tering length, it is a quite attractive theoretical prob- 
lem considering the possibility that a phenomenologi- 
cal theoretical model would be very simple because the 
scattering length will not appear in the final expression 
of the physical quantity although it is the most impor- 
tant parameter to show the interaction between parti- 
cles. In the present work, we investigate theoretically the 
thermodynamic properties of the two-component Fermi 
gases in the case of the scattering length being much 
larger than the average distance I between particles. On 
the side of weakly attractive (or repulsive) interaction, 
there are pairs of atoms in the form of atomic Cooper 
pairs (or molecules) which has been verified through the 
experimental investigation of the condensation fraction 
0, and pairing gap [T^j. Generalizing this observa- 
tion, we assume here that there are dimers which com- 
prise two fermionic atoms with different spin state for 
the system on magnetic-field Feshbach resonance. Most 
recently, there is a measurement of the heat capacity |l2^ 
for strongly interacting Fermi gases of 6 Li atoms which 
gives clearly the evidence of a phase transition for the 
emergence of the fermion pairs. In the present work, 
at finite temperature as well as zero temperature, the 
thermodynamic properties of the system such as the en- 
tropy, transition temperature, fraction of dimers are in- 
vestigated based on a simple theoretical model that the 
system is in a mixture of the Fermi gases and dimeric gas 
below the transition temperature. 

In Sec. II, at zero temperature, we consider the ther- 
modynamic properties for the mixture gases of fermionic 
atoms and dimers based on the chemical equilibrium con- 
dition. It is found that this theoretical model is con- 
sistent with the recent experimental investigation of the 
condensate fraction and collective excitations 0, El • 
The coexistence of Fermi gases and dimeric gas at zero 
temperature means that there should be a phase tran- 
sition for the emergence of dimeric gas at finite tem- 
perature. In Sec. Ill, when the thermal excitation of 
the dimers is considered, we give a transition tempera- 
ture that below this transition temperature there would 
be a stable dimeric gas. The fraction of dimers below 
the transition temperature is also given. In Sec. IV, 
through the investigation of the overall entropy of the 
Fermi gases and dimeric gas, we calculate the relation 
between the energy and temperature of the system. The 
role of the dimeric gas is discussed and found that the 
theoretical result based on the presence of the dimeric 
gas is in agreement with the recent experiment about 
heat capacity |12| . Finally, we give a brief summary and 
discussion in Sev. V. 



II. MIXTURE OF TWO-COMPONENT FERMI 
GASES AND DIMERIC GAS AT ZERO 
TEMPERATURE 

In the experiment [T3 | about the heat capacity, the 
phase transition for the strongly interacting Fermi gases 
is observed clearly at a transition temperature. If there 
is a phase transition for the emergence of a stable dimeric 
gas at a transition temperature, there would be a mixture 
of two-component Fermi gases and dimeric gas below the 
transition temperature, and the evidence for the mixture 
of two-component Fermi gases and dimeric gas would give 
us an important evidence that there is a phase transition 
for the emergence of the stable dimeric gas. To give a 
clear presentation, we first propose in this section a the- 
oretical model based on the mixture of two-component 
Fermi gases and dimeric gas at zero temperature |32) . 
while in the following sections we will consider the ther- 
modynamic properties of this mixture gas at finite tem- 
perature. 

In the present experiments on two-component Fermi 
gases, an equal mixture of Fermi gases is prepared below 
the Fermi temperature. Assuming that N is the total 
number of fermionic atoms without dimers, while Np 
and Np, are the number of fermionic atoms and dimers, 
we have 

N = N F + 2N D = 2N F] +2N D: (1) 

where N F ^ (= Np±) being the number of fermionic atoms 
in a spin state, while Np — 2Np^ being the total number 
of fermionic atoms. 

At zero temperature, for the mixture of two-component 
Fermi gases and dimeric gas, the dynamic equilibrium is 
characterized by the fact that the Gibbs free energy of the 
system is a minimum. Assuming that /i p^ and /i p± being 
the chemical potential of the Fermi gases and [ip, being 
the chemical potential of the dimeric gas, the minimum 
of the Gibbs free energy means that 

2^_p T = 2[i Fl = fi D . (2) 

The chemical potential of the dimeric gas is [ip, = £_D + /if 
with sd being the dimeric binding energy and [it be- 
ing the contribution to the chemical potential due to the 
thermal equilibrium of the dimeric gas. 

For the unitarity limit that the absolute value \a\ 
of the scattering length is much larger than the aver- 
age distance I between atoms, although the scattering 
length a will play an important role, it will not ap- 
pear in the final result of a physical quantity such as 
the chemical potential because it can be regarded as in- 

_ —1/3 

finity. In this case, the length scale I ~ n F J {n F ^ is 
the density distribution of the fermionic atoms in a spin 
state) rather than a will appear in the final result of 
a physical quantity which means a universal behavior 
for a system. One can get a rough expression for the 
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chemical potential through a dimensional analysis that 
~ (Ap) 2 /2m ~ fi 2 /2ml ~ h 2 n 2 J 3 /2m. Based on 
this dimensional analysis and local density approxima- 
tion, at zero temperature, one can get the following form 
of the chemical potential fj,p^ (= fJ-Fi) for the Fermi gas: 



m = (1 + (3 F ) \ > 4 7 T 3 + V ext (r) , (3) 
2m 1 

where V ext (r) = m (lu 2 x 2 + uj 2 y 2 + tu 2 z 2 ) /2 is the ex- 
ternal potential of the fermionic atoms. Without (3p, the 
above expression gives the chemical potential of an ideal 
Fermi gas in the local density approximation. The pa- 
rameter (3p shows the role of the extremely large scatter- 
ing length a in the unitarity limit. The parameter (3f was 
first measured in Q] with a careful experimental investi- 
gation of the strongly interacting two-component Fermi 
gases near the Feshbach resonance. (3f has been also cal- 
culated with different theoretical methods [28l Epj . In 
|29| . (3\ = —0.56 based on a quantum Monte Carlo cal- 
culation. From Eq. ©, the chemical potential at zero 
temperature is given by 

Aift {T = 0) = hfi (T = 0) = y/1 + (3 F T F k B , (4) 

where Tp — (GNpi) 1 ^ 3 huj} lo /kB with u>ho — 

1/3 

{ui x ui y u) z ) . In getting the above result, we have used 
a useful mathematical technique that with the definition 
of the effective mass m* F = m/ (1 + (3p) and effective 
angular frequency to* = y/1 + (3pui x , uj* — \J1 + (3fuj v , 
lo* z = ^/l + (3pui z so that hf] in Eq. becomes the 
expression of an ideal Fermi gas about the effective mass 
m* F and effective angular frequency. This mathematical 
technique for the definition of the effective mass and ef- 
fective angular frequency will be used in the whole paper. 

On resonance, because the scattering length between 
fermionic atoms with different spin state is divergent, the 
scattering length a p> between dimers can be also regarded 
as divergent. In the unitarity limit, for the dimeric gas, 
the scattering length ao should not appear in the final re- 
sult of a physical quantity too. We assume here that the 
dimeric gas shows an analogous universal behavior with 
the Fermi gas. Through the dimensional analysis analo- 
gous to the Fermi gas in the unitarity limit, the chemical 
potential /id of the dimeric gas at zero temperature is 
given by 



M£> = (l + fo>) 2 V x2 ^ n 2 ^ + 2V ext (r)+e D , (5) 

where no is the density distribution of the dimeric gas. 
The parameter [3d in fiD is also due to the large scat- 
tering length cld between dimers and it can be calcu- 
lated in the unitarity limit. Near the Feshbach resonance, 
the dimeric energy £p> ~ ft 2 /ma 2 . Thus, on resonance, 
ED can be omitted in the above expression. From the 



above equation, one can get the chemical potential for 
the dimeric gas at zero temperature: 



[i D (T = 0) = y/1 + p D T D k B , (6) 

1/3 

where Tjj = (6Nd) Tiuiho/kB with Nd being the num- 
ber of dimers. In getting the above result, we have 
used a useful mathematical technique that the chem- 
ical potential becomes the form of an ideal gas about 
the effective mass m* D = 2m/ (1 + /3d) and effective an- 
gular frequency uj* = ^1 + /3pu} x , uj* — y/1 + Pfuj v , 
lu* — y/1 + PfU) z of the dimer. 

From the dynamic equilibrium condition 2/ij?t = fJ>D 
and the chemical potential given by Eqs. (QJ and 
one gets the following general equation to determine the 
fraction of dimers at zero temperature and on Feshbach 
resonance: 

4/3 r (1 - x) 2/3 = x 2 /\ (7) 

where (3 r — (1 + (3p) / (1 + /3d) an d the fraction of 
dimers x = 2N D /N. 

In the presence of dimers, the chemical potential of the 
system is obviously lower than the case without dimers. 
Thus, the mixture gas of the fermionic atoms and dimers 
is a stable state of the system. For \a\ >> 7, the fraction 
of the dimeric gas is a general result once the system 
is in the unitarity limit. One can see easily from Eq. 
that there is a quite high fraction of dimers if the 
value of (3d is close to (3f. An indirect evidence of the 
dimeric gas is given by a recent experiment that there 
is significant fraction of the molecules in zero-momentum 
state after a fast magnetic field transfer (the magnetic 
field is swept below the Feshbach resonant magnetic field 
Bq so that the scattering length between fermionic atoms 
becomes positive) to create bound molecules from the 
dimers. After the dimer-molecule conversion, in the 
maximum fraction of the molecules in zero-momentum 
state is observed to be 80%. In this case, f3 r is estimated 
to be 0.63. 

At zero temperature and thus the thermal excitation 
is omitted, the dimer comprising two fermionic atoms 
is quite stable. Because the dimeric gas is immersed in 
the degenerate two-component Fermi gases, due to Pauli 
blocking comes from the degenerate Fermi gases, any 
dimer can not be dissociated into two fermionic atoms 
once the equilibrium is attained so that 2fip j = \ld- In 
fact, the stability of the dimeric gas is consistent with 
the experiment 7] that extremely close to the Feshbach 
resonance there is no obvious decreasing of the molecules 
in zero-momentum state after the dimer-molecule con- 
version process even after 10 s hold time of the final 
magnetic field. Due to the stability and Pauli block- 
ing, the dimer-molecule conversion will always convert 
the fermionic atom pairs in a same dimer into bound 
molecules. Thus at zero temperature, all the dimers 
will be converted into molecules with zero-momentum 
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state during the dimer-molecule conversion process. This 
means that the fraction of dimers in thermal equilibrium 
investigated here can be used to explain the experimental 
result of the fraction of zero-momentum molecules after 
the dimer-molecule conversion. 

In the recent experiments 0, 0], the frequency of a 
radial breathing mode is observed extremely close to the 
Feshbach resonance and found to agree well with the the- 
oretical predication based on hydrodynamic theory in the 
unitarity limit |25|. Combining with the experimental 
result in |jj that there is a high fraction of molecules in 
zero-momentum state after the dimer-molecule conver- 
sion process, we see that the dimeric gas should play a 
dominant role in determining the frequency of the collec- 
tive oscillations due to its high fraction. For the radial 
breathing mode, the agreement of the experiment with 
theoretical result in the unitarity limit shows that it is 
reasonable to describe the dimeric gas by the chemical 
potential given by Eq. JSJ. In fact, an analogous form 
of Eq. © is used to calculate the frequency of the ra- 
dial breathing mode in_p£j , whose result agrees well with 
the experiment in Q . Different from the theoretical 
model in pEj . however, in the present work on resonance, 
the dimeric gas plays a dominant role in the frequency 
of the collective oscillations at zero temperature, rather 
than the Fermi gases. 

III. PHASE TRANSITION FOR THE 
EMERGENCE OF STABLE DIMERIC GAS 

On resonance, the divergent scattering length between 
dimers would make the property of the dimeric gas be- 
come quite unique. From the form of the chemical poten- 
tial JSJ for the dimeric gas which is consistent with the 
experiments about the condensate fraction Q and collec- 
tive excitations 0, , the dimeric gas is described by a 
density of states analogous to that of a Fermi gas. This 
unique property of the dimeric gas is due to the divergent 
scattering length between dimers, and is enlightened by 
the well-known result that a one-dimensional strongly in- 
teracting Bose gas behave like Fermi gase s 136113^1 which 
has been verified by recent experiments |38l l39j. Based 
on these considerations, we assume here that the dimers 
with divergent scattering length would be described by 
the Fermi statistics although the dimer is a boson. Ob- 
viously, the validity of this assumption should be finally 
tested by experiments. 

Based on the above assumption that the dimers satisfy 
Fermi statistics, at finite temperature, the occupation 
number of the dimers at a state of the energy level £_d is 
given by 



M ( £ f) - M (e F ) - - [ —— mw - T - J . (9) 

In Eqs. (JSJ) and JjJJl, the strong interaction has been con- 
sidered through the chemical potential fiu and fi F ^ which 
depends respectively on the parameters /3d and (3 F . 

For the state below the energy level e F for the 
fermionic atoms and Sd for the dimers, if the occupa- 
tion number of the fermionic atoms and dimers in a state 
are both 1, the dimers can not be dissociated into two 
fermionic atoms below the energy level e F because of 
Pauli exclusion principle. However, it is possible that the 
dimers can be thermally excited to high energy level and 
dissociated into two fermionic atoms especially because 
the binding energy of the dimers can be omitted on reso- 
nance. Thus, sufficient low temperature is needed for the 
existence of a stable dimeric gas. Assuming that ep and 
e c D are the critical energy level that below these energy 
level there is a stable coexistence of two-component Fermi 
gases and dimeric gas, due to the fact that the dimer 
comprises two fermionic atoms with different spin state, 
one has e c D — 2ep. One can also understand this relation 
from the chemical equilibrium condition = 1\x F \. The 
stability of the coexistence of these gases in the presence 
of thermal excitation would give us a strong confinement 
condition on the value of ep and e c D . At finite temper- 
ature, the thermally excited energy for fermionic atom 
and dimer is respectively given by £ therm ~ 3fcsT/2 and 

£ Pherm = 3fc B T - £ ?herm I ' £ therm = 2 is due t0 the fact 

that a dimer comprises two fermionic atoms. 

Based on the above analyses, ep and e c D can be deter- 
mined through the following equation: 

2 /FT { £ F + £ therm) + 2 /d (^D + £ Fherm) = 3 - ( 10 ) 

The left hand side of the above equation shows the over- 
all number of atoms (Note that a dimer comprises two 
fermionic atoms). The factor 3 on the right hand side of 
the above equation is due to Pauli exclusion principle for 
the fermionic atoms and the assumption that the dimer 
satisfies Fermi statistics in this paper. When the confine- 
ment condition given by Eq. (|I0|l is satisfied, the dimers 
below the energy level e c D can not be effectively thermally 
excited and dissociated into two fermionic atoms. 

From Eqs. (JSJl and @, Eq. I|IU|) can be given more 
explicitly by 

2 

e [eJ, + §fc B T- MFT (T)]/fc B T + x 



/r>(eo) - e ( £D _ MD (T))/fe B r + x' ( 8 ) e [e- D +3k B T- f , D (T)}/k B T + 1 3 ' 

while the occupation number of the fermionic atoms at a At finite temperature, the chemical potential fi F -\ (T) is 
state of the energy level e F is given by estimated to be: 
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Mft (T) = [J-Fi (T = 0) 



k B T 



3 \ m (T = 0) 



The transition temperature for the emergence of a stable 
dimeric gas is then obtained by setting e c F — and e c D = 
in Eq. (|TT|) . Using (T) = 2/i^t (T) and assuming 
that £ = k B T/fj, F1 (T = 0) = T/^/T+f3 F ~T F , the critical 
value £o is then determined by 



e [3/8-(l-«»fig/3)/fo] + 1 e [3-2(l^ 2 ^/3)/?o] + ! " 

In this case, one find that £o = 0.31, which agrees very 
well with the experimental result 0.33 This theo- 

retical value of £o also shows that one can use the ap- 
proximate expression for the chemical potential /ifi {T) 
at finite temperature given by Eq. I|12[l because for this 
value of £o the high-order term of the chemical potential 
fiFi (T) can be omitted. 

Below the transition temperature, one can get the crit- 
ical energy level for the dimers from Eq. which is 
given by 



Hd (T = 0) 



7^0 



1 



2k B T 



Hd (T = 0) 



4tt 2 / k B T 
~ \y, D (T = 0) 



(14) 



When the dimers satisfy Fermi statistics, the density 
state of the dimers is proportional to e 2 D . The relation 
between the number of stable dimers and temperature is 
then given by 



N D (T) = N B (T = 0) 



i 3 



(15) 

where Nf, (T = 0) is the number of dimers at zero tem- 
perature. 



IV. THE OVERALL ENTROPY OF 
TWO-COMPONENT FERMI GASES AND 
DIMERIC GAS 



The entropy of two-component Fermi gases takes the 
following form 

S F = -2k B ^2 [/a ft ln/A FT + (l - /a pt ) In (l - fx PX )] , 

Aft 

(16) 



where Xf] denotes the state of the fermionic atom and 
/a ft is the occupation number of the fermionic atom in 
the state Aft- The factor 2 is due to two spin states 
of the fermionic atom. For the dimeric gas, under the 
assumption that the dimers satisfy the Fermi statistics, 
the entropy of the dimeric gas is given by 



S D = -k B ^2 I/Ad m /An + (1 - /An) In (1 - fx n )] > 
Ad 

(17) 

where Ad denotes the state of the dimers and f\ D is the 
occupation number of the dimer in the state A^- The 
overall entropy Sf-d of the system is then given by 



Sf-d = Sf + Sd- 



(18) 



To show the role of the dimeric gas in the thermo- 
dynamic properties of the system, we first consider the 
entropy of the system for the temperature far below the 
Fermi temperature Tp (or Tp> for the dimeric gas). In 
this case, to the first order approximation, the overall 
entropy Sf-d is given by 



S 



ir 2 Npk B T 



n 2 N D k B T 



F-D — 



(19) 



In the above equation for the entropy, the second term 
represents the contribution of the dimeric gas. Using the 
condition of the chemical equilibrium given by Eq. J2J, 
one has 



S F - 



D 



it 2 {2N F + N D )k B T 



2V1 + PfT f 
Using the formula dSp-o/dE = 1/T, we have 



(20) 



dS 



F-D 



dS 



F-D 



dT 



dE 



dT dE 



1 

T' 



Thus 



dE _ dS F -D 
dT dT ' 



(21) 



(22) 



In the limit of zero temperature, omitting the high order 
terms of the partial differential dSF-D/dT, one has 



dSp-p _ 7T 2 (2iV F + N D ) k B 
dT ~ 2^TTWTf 

From the above equation, we get 

dE _ ir 2 (2N F + N D )k B T 
dT ~ 2V1 + PfT f 



(23) 



(24) 
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In the limit of zero temperature, E is then given by: 



E = En 



7T 2 {2N F + N D )k B T 2 



(25) 



where Eq is the total ground state energy of the mixture 
gases at zero temperature. After a simple calculation, 
one gets 



En = 



3Ny/l + p F k B T F 



(26) 



From Eqs. (|2*3|l and i(2"rj|) . we have 



E _ 2n 2 a ( T 

E~ Q ~ l ~^r \tf~ 



(27) 



where a = 1 - 3N D (T) /2N and (T/T F ) fit = £ = 
T/y/1 + f3 F T F . Below the transition temperature for the 
emergence of stable dimeric gas, from Eq. (|15f) . one has 



a(T) = l- 



Wp (T = 0) 
2N 



. ni (28) 

To compare with the experimental result in 12], from 
Eq. (|2ZI), one gets 



In 



2tt2 m 

3 [t f J 



fii 



In a. 



(29) 



- Fermi gases without dimers 
experimental result 

- mixture of Fermi gases and dimeric gases 




FIG. 1: Shown in figure 1 is the theoretical and exper- 
imental results of the relation between In (E/Eo — 1) and 
In (T/Tf) , w The circles show the experimental result by J. 
Kinast et al 12], while the solid line is the theoretical predi- 
cation of the strongly interacting two-component Fermi gases 
without the consideration of the dimeric gas. It is clearly 
shown that there is a significant difference between the solid 
line and experimental data at low temperature which means 
that there is a phase transition for the strongly interacting 
Fermi gases. The dashed line is the theoretical result based 
on the consideration that there is a mixture of the Fermi gases 
and dimeric gas below a transition temperature. We see that 
this theoretical model agree well with the experimental re- 
sult. The dash-dotted line shows the transition temperature 
Ttran = 0.31\/1 + PfTf based on the consideration of the 
thermal excitation of the dimers, which is in agreement with 
the experimental result 0.33\/l + PfTf- 



Without the factor In a, the above equation gives the re- 



sult for strongly interacting two-component Fermi gases 
without the dimeric gas. Thus, the factor In a on the 
right hand side of the above equation will give us clearly 
the role of the dimeric gas in the thermodynamic prop- 
erties of the system. Below the transition temperature 
(i.e. in the presence of the dimeric gas), a is smaller 
than 1 and thus In a is negative. In this case, com- 
pared with the theoretical model without dimeric gas, 
in the relation between \n(E/E — 1) and \n(T/T F ) f it , 
the presence of the dimeric gas will decrease significantly 
the value of \o.(E/Eq — 1). In the experimental mea- 
surement of the condensate fraction on resonance in 0, 
2N D (T = 0) /N can be estimated to be 0.8 in the limit 
of zero temperature. In this case, the factor a is esti- 
mated to be 0.4. Thus in the limit of zero temperature, 
one has In a = —0.92 which means a significant decreas- 
ing of \n(E/En — 1) when the presence of dimeric gas 
is considered. In fact, this effect has been observed in 
the experiment ^2] which shows clearly the phase tran- 
sition for the emergence of the dimeric gas through the 
investigation of the relation between \n(E/En — 1) and 
\n(T/T F ) fit . 



We now give a comparison of our theoretical result 
with the recent experimental result in |12|. In this ex- 
periment by Kinast et al, an equal mixture of the degen- 
erate Fermi gases is prepared for two lowest spin states 
of 6 Li atoms, and the magnetic field is tuned to be 840 
G which is just above the Feshbach resonant magnetic 
field. For the magnetic field of 840 G, the absolute value 
of the scattering length is much larger than the aver- 
age distance between particles so that our theoretical 
model can be used to analysis the experimental result. 
From Eqs. ljT%|) . and lt2*rj|) . the dashed line shown 
in Fig.l is the numerical result of the relation between 
Itl(E/Eq — 1) and \n.{T /T F ) by using the transition 
temperature T tran = 0.31V1 + P F T F obtained in this 
paper. The circles show the experimental result in [12|, 
while the solid line shows the theoretical result based on 
the model of two-component Fermi gases without dimeric 
gas. We see that below the transition temperature, the 
theoretical model based the mixture of two-component 
Fermi gases and dimeric gas agrees with the experimen- 
tal result. 
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V. SUMMARY AND DISCUSSION 

In summary, we investigate the thermodynamic prop- 
erties of the strongly interacting two-component Fermi 
gases by considering specially the role of the dimeric gas. 
Due to the divergent scattering length between dimers, 
we assume that the dimers satisfy Fermi statistics and 
there is a university behavior for the dimeric gas. It is 
found that this simple theoretical model agrees with the 
recent experiments about the condensate fraction, col- 
lective excitations, transition temperature and energy of 
the ultracold gases near the magnetic-field Feshbach res- 
onance. The model proposed here is a phenomenological 
theory just like the effective force is introduced to de- 
scribe the atomic nucleus which is a complex, many-body 
system bound by the strong interaction. Nevertheless, 
the agreement with the experimental results gives us a 
strong support for the validity of our theoretical model 
although the microscopic origin of our theory is still re- 
mained to be revealed. In future work, we will try to 



find the microscopic mechanism of the theoretical model 
proposed here. 

Note added.— In preparing this manuscript, we noticed 
a recent work by Q. Chen et al |40j where a theoreti- 
cal model is proposed based on the mixture of fermionic 
atoms and hybridized bosons. There is an astonishing 
consistency between the theoretical result obtained by Q. 
Chen et al |40j and our theoretical result although the 
dimer is assumed by us to satisfy Fermi statistics due to 
its divergent scattering length. 
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